In the present work, the diffusion behaviours of three thioureido imidazoline inhibitors (SOIMS, SOIM and OIM) in a simulated sediment layer were investigated by ultraviolet-visible spectrophotometry (UV-vis) and potentiodynamic polarization in a simulation setup. The simulated sediment layer was characterized by SEM and mercury intrusion experiments. SEM observation shows that the sediment layer obtained in this experiment is relatively dense with no large pores. The mercury intrusion experiment was used to analyse the pore size distribution of the simulated deposition. UV-vis experiments show that the diffusion behaviours of corrosion inhibitors are related to their water solubility. The better the water solubility of the corrosion inhibitors, the stronger their ability to diffuse through the sediment layer. The UV-vis and potentiodynamic polarization results suggest that the three corrosion inhibitors can diffuse through the sediment layer as the diffusion time increases.
INTRODUCTION
Corrosion under sediment or under deposit corrosion (UDC) [1] [2] [3] is frequently encountered in oil/gas production, transportation and processing, which can cause serious local corrosion due to uneven sediment coverage on steel surface.
Zhu et al. [4] studied the corrosion behaviours of ammonium chloride sediment on top of a reactor effluent air cooler (REAC) and found that the sediment unevenly thinned the top of the reactor tube and caused severe local corrosion. Wang et al. [5] investigated the corrosion behaviours of mixed sediments on carbon steel in seawater and revealed severe local corrosion of carbon steel under mixed sediments.
Corrosion inhibitor additives can effectively inhibit the inner surface corrosion of carbon steels and equipment, and have been widely used in oil and gas exploitation and transportation. However, carbon steel surfaces are usually covered by a layer of sediment, which hinders the adsorption of corrosion inhibitors on the surfaces. Therefore, the diffusion of corrosion inhibitors through the sediment layer on a steel surface to inhibit corrosion under the sediment has become a hot research topic. Zhu et al. [6] investigated the inhibition effects of C 12 H 23 O 2 -on the corrosion of N80 steel under sediment in a neutral NaCl solution in an occluded cell that was used to simulate local corrosion processes and found that C 12 H 23 O 2 -could adsorb on the N80 steel surface and effectively inhibit its corrosion. Tan et al. [7] studied under-sediment corrosion behaviours using a wire beam electrode and found that the sediment deposited area in a CO 2 solution was in the cathode state, and caused local corrosion only in the presence of O 2 or with added corrosion inhibitor. In addition, the overall corrosion rate decreased and the local corrosion became more severe with the increasing corrosion inhibitor concentration. Pedersen et al. [8] investigated galvanic corrosion between the sand-covered and bare carbon steel specimens in two cases, e.g. covering the steel specimen with sand before and after the corrosion inhibitor was added. Their results suggested that a certain concentration of corrosion inhibitor could reduce the galvanic current between the steel specimens, but in both cases, obvious local corrosion was found on the sand-covered carbon steel specimens. In addition, the steel covered with sand first exhibited more severe local corrosion, possibly because the sand layer on the steel surface absorbed a certain amount of the corrosion inhibitor and blocked the mass transfer of the corrosion inhibitor to the carbon steel specimen surface. Therefore, a higher concentration of inhibitors was required to inhibit such corrosion. A corrosion inhibitor can only inhibit metal corrosion if it penetrates the sediment layer and reaches the metal matrix. The studies mentioned above demonstrated that corrosion inhibitors could penetrate sediments by indirect means, but lacked direct evidence. In addition, no diffusion rules for corrosion inhibitors in sediments have been reported. In the present work, the diffusion behaviours of three thioureido imidazoline corrosion inhibitors in sediments were studied using a simple simulation setup by SEM, mercury intrusion experiment, ultraviolet-visible spectrophotometry (UV-vis), and potentiodynamic polarization measurement.
MATERIALS AND METHODS

Preparation of the sediment layer, solutions and corrosion inhibitor
White cement (main ingredient of CaSiO 3 ,which is commercially available), MgCO 3 , CaSO 4 and water were mixed in a mass ratio of 10:3:3:8 and pressed into round discs with a diameter of 30 mm and a thickness of 3 mm. These samples were kept at 25  C for 8 h, incubated in a 40  C oven for 24 h and then as the simulated sediment layer. A 3.5 wt% NaCl solution was prepared with analytical grade reagents and deionized water, and used as the test solution. Fig. 1 shows the molecular structures of the three thioureido imidazoline corrosion inhibitors used in this experiment. Thioureido imidazoline can strongly adsorb on steel surfaces because of its strongly electronegative unsaturated double bonds of S and N, and has been reported to effectively inhibit metal corrosion in a CO 2 environment [9] [10] [11] . Among them, OIM (oleic acid imidazoline) is an oil-soluble corrosion inhibitor, SOIMS (thiourea oleic acid imidazoline quaternary ammonium salt) is a water-soluble corrosion inhibitor, and the water-solubility of SOIM (thiourea oleic acid imidazoline) falls somewhere in between the other two compounds.
SOIMS: 
Simulation setup
The experimental apparatus shown in Fig. 2 was used to study the diffusion of the corrosion inhibitors through the simulated sediment layer. The setup consisted of two containers of 600 mL, which both contained 500 mL of 3.5 wt% NaCl solution. The corrosion inhibitor was added at a concentration of 200 mg/L to the left container. The containers were connected to allow the corrosion inhibitor to diffuse from the left container through the sediment layer in the middle to the right container. The concentration of the corrosion inhibitor in the right container was measured at pre-set time intervals. 
UV-Vis spectrophotometry
Determination of the maximum absorption wavelength and standard curve of the corrosion inhibitor
The imidazoline molecule contains a C=N double bond that usually results in a maximum absorption at 200-300 nm [12] .The maximum absorption wavelength can be determined by recording the variation in the absorbance with wavelength. According to the Beer-Lambert law [13] , the absorption of a substance is directly proportional to its concentration, which can be used to quantitatively analyse the concentration of the compound. In the present work, the UV-Vis absorption of the corrosion inhibitor was measured using a UV1700pc UV-Vis spectrophotometry with 0.2 g/L cresol red as the chromogenic agent and 3 mol/L phosphoric acid as the buffer solution. The corrosion inhibitor was dissolved in 3.5 wt%NaCl to prepare a 100 mg/L stock solution. Aliquots of 0, 1, 2, 3, 4, 5 and 6 mL of the stock solution were respectively added to 1 cm cuvettes, mixed with 0.1 mL of chromogenic agent and 0.5 mL buffer, brought to 10 mL with a 3.5wt% NaCl solution, shake, allowed to develop at 25  C for 0.5 h, and measured for their UV-Vis absorption using a UV1700pc UV-Vis spectrophotometry in the wavelength range of 200-400 nm. A solution without the corrosion inhibitor was used as the blank. A standard curve was established at the maximum absorption wavelength.
Determination of the corrosion inhibitor concentration
Two 10 mL tubes (#1 and #2) contained 0.1 mL of the chromogenic agent and 0.5 mL of the buffer solution, respectively. The volume of tube #1 was brought to 10 mL with 3.5 wt% NaCl and used as the reference solution. The testing solution was added to tube #2 to bring the volume to 10 mL. The tube was shaken well and allowed to develop at 25  C for 30 min, and then the UV-vis absorption was measured in the wavelength range of 200-400nm using a 1 cm cuvette on the UV1700pc UV-Vis spectrophotometry using the solution in tube #1 as the reference. The concentration of the corrosion inhibitor was obtained by fitting the standard curve to the absorbance at the maximum absorption wavelength. The corrosion inhibitor concentration of the solution in the right container of the experimental apparatus was measured daily for 15 days. The experimental temperature was 25  C.
Potentiodynamic polarization measurements
Potentiodynamic polarization measurements were conducted in the right container of the experimental apparatus every 3 days to evaluate the diffusion and inhibition effect of the corrosion inhibitor. The potentiodynamic polarization curves were measured using a CS350 electrochemical workstation consisting of a classical three-electrode system with a platinum electrode as the counter electrode and a saturated calomel electrode as the reference electrode. A Q235 steel electrode was polished, cleaned, sealed with an epoxy resin, and used as the working electrode. The surface area of the working electrode area was 1 cm 
where i corr and i corr(inh) are the corrosion current densities before and after the corrosion inhibitor is added, respectively.
Characterization of the sediment layer
SEM (FEI Quanta 200F) was used to observe the surface topography of the sediment layer. Mercury intrusion experiments were performed using an AutoPore IV 9500 instrument to measure the pore size distribution of the sediment layer. Fig. 3(a) shows the UV-Vis absorption curves of the different concentrations of the SOIMS corrosion inhibitor. The maximum absorption was 235 nm, which is consistent with the maximum absorption of imidazoline in the UV region at 230 nm reported in the literature [14, 15] . Therefore, the absorbance of the corrosion inhibitor at 235 nm was plotted vs its concentration to establish the standard curve shown in Fig. 3(b) . Clearly, the absorption of the corrosion inhibitor at 235 nm linearly increased with its concentration in the testing range with a linear equation of A=0.0116C-0.0305, where A is the absorbance and C is the mass concentration of the corrosion inhibitor in mg/L. The Pearson's correlation coefficient was 0.9994, which indicated the good linearity of the standard curve. Fig. 4(a) shows the UV-Vis absorption curves of the different concentrations of the SOIM corrosion inhibitor. The absorbance of the corrosion inhibitor at 235 nm was plotted vs its concentration to establish the standard curve shown in Fig. 4(b) . The curve shows that the absorption of the corrosion inhibitor at 235 nm linearly increased with its concentration in the testing range with the linear equation of A=0.0268C-0.0736, where A is the absorbance and C is the mass concentration of the corrosion inhibitor in mg  L -1 . The Pearson's correlation coefficient was 0.9998, which indicated that the linearity of the standard curve was very good. The UV-Vis absorption curves of the different concentrations of the OIM corrosion inhibitor are shown in Fig. 5(a) . The absorbance of the OIM corrosion inhibitor at 232 nm was plotted vs. its concentration to establish the standard curve shown in Fig. 5(b) . This curve demonstrates that the absorption of the corrosion inhibitor at 232 nm is linearly increased with its concentration in the testing range with a linear equation of A=0.0170C-0.0400, where A is the absorbance and C is the mass concentration of the corrosion inhibitor in mg/L. The Pearson's correlation coefficient was 0.9932, which indicated that the linearity of the standard curve was good. 
RESULTS AND DISCUSSION
UV-Vis spectroscopic analysis
Standard curve of the corrosion inhibitor
Determination of the corrosion inhibitor concentration
Fig. 6(a) shows the UV-Vis absorption spectra of the solution in the right container of the experimental setup measured at different immersed time after adding the SOIMS corrosion inhibitor. The characteristic absorption peak of the corrosion inhibitor at 235 nm appeared after 1 day and the absorption increased as the diffusion time increased, which indicated that the corrosion inhibitor was able to diffuse through the sediment layer. The variation in the concentration and absorbance of the SOIMS corrosion inhibitor in the right container over time are shown in Fig. 6(b) . It is clear that the corrosion inhibitor amount that passed through the sediment layer increased as the test time increased. The diffusion process shown in Fig. 6(b) can be divided into two stages. The first stage at day 1-11 is defined as the rapid diffusion stage. After 1 day, the corrosion inhibitor, SOIMS, starts to diffuse through the sediment layer, and an equivalent of 3.4% of the corrosion inhibitor (6.75 mg/L / 200 mg/L) reached the right container. Over time, the SOIMS corrosion inhibitor diffused more rapidly through the sediment layer. After 11 days, the concentration in the right container reached 32.63 mg/L, which is equivalent to 16.3% (32.63 mg/L / 200 mg/L) of the corrosion inhibitor passing through the sediment layer. The corrosion inhibitor, SOIMS, is a water-soluble corrosion inhibitor; its dissolution in solution is very good. It can quickly reach the right container through the sediment layer and is driven by the concentration difference. The second stage at day 11-15 is defined as the late diffusion stage, and the diffusion of the corrosion inhibitor through the sediment layer was slow. This might be explained by the corrosion inhibitor concentration in the left container decreasing and that in the right container increasing as the diffusion time increases, leading to a smaller concentration difference. The concentration difference is the driving force of the diffusion. Therefore, the diffusion rate of the corrosion inhibitor through the sediment layer decreases as the diffusion time prolongated. The corrosion inhibitor concentration in the right container reaches 37.36 mg/L at day 15, which is equivalent to 18.7% (37.36 mg/L / 200 mg/L) of the corrosion inhibitor diffusing through the sediment layer. The characteristic absorption peak of the corrosion inhibitor at 235 nm appears after 1 day and the absorption increases with the prolongation of the diffusion time, indicating that this inhibitor can also diffuse through the sediment layer. The variation in the concentration and absorbance of the corrosion inhibitor in the right container over time are shown in Fig. 7(b) . The corrosion inhibitor amount that passed through the sediment layer increased with the prolonged test time. The diffusion process shown in Fig. 7(b) can be divided into three stages. The first stage at day 1-5 is defined as the early diffusion stage, and the corrosion inhibitor concentration increased from 0 to 12 mg/L, which is equivalent to 6% (12 mg/L / 200 mg/L) of the corrosion inhibitor penetrating the sediment layer, in 5 days. During this stage, the diffusion rate of the corrosion inhibitor in the sediment layer is relatively low due to the dense sediment layer with small pores. The corrosion inhibitor requires a longer time to diffuse through the sediment layer. The water solubility of SOIM is not as high as that of SOIMS. The slow diffusion behaviour at this stage is related to its water solubility. During the second stage of day 5-11, which is defined as the rapid diffusion stage, the corrosion inhibitor rapidly passes through the sediment layer and its concentration in the right container reaches 37 mg/L, which is equivalent to 18.5% (37 mg/L / 200 mg/L) of the corrosion inhibitor passing through the sediment layer, at the end of the stage. The third stage at day 11-15 is defined as the late diffusion stage where the diffusion of the corrosion inhibitor in the sediment layer becomes slow again. This might be explained by the corrosion inhibitor concentration in the left container decreasing and that in the right container increasing as the diffusion time increases, leading to a smaller concentration difference. The concentration difference is the driving force of the diffusion. Therefore, the diffusion rate of the corrosion inhibitor through the sediment layer becomes lower as the diffusion time is prolongated. The corrosion inhibitor concentration in the right container reaches 45 mg/L at day 15, which is equivalent to 22.5% (45 mg/L / 200 mg/L) of the corrosion inhibitor diffusing through the sediment layer. These results are consistent with the results of Nahali [16] on the effects of Na 3 PO 4 on the diffusion behaviours of Cl -in mortar, and the diffusion process of Cl -in the mortar was also divided into three stages.
Figure 7.
(a) UV-Vis absorption spectra of the solution in the right container of the experimental device at different immersed time after adding the SOIM inhibitor and (b) variation in the inhibitor concentration and absorbance with immersed time Fig. 8(a) shows the UV-vis absorption spectra of the solution in the right container of the experimental setup measured at different immersed time after adding the OIM corrosion inhibitor. The characteristic absorption peak of the OIM corrosion inhibitor at 232 nm is not obvious in the first 10 days, which indicated that the amount of the OIM corrosion inhibitor that passed through the sediment layer was very small. After 10 days, the characteristic absorption peak of the OIM corrosion inhibitor increased significantly. The variation in the concentration and absorbance of the OIM corrosion inhibitor in the right container with time are shown in Fig. 8(b) . The diffusion process shown in Figure 9 . The polarization curves of Q235 steel at different immersed time after adding the SOIMS inhibitor Potentiodynamic polarization measurements were obtained every 3 days in the right container. Fig. 9 shows the polarization curves for the diffusion process of the SOIMS corrosion inhibitor. The corrosion potential gradually increased with the prolongation of the diffusion time, which indicated that the corrosion inhibitor is an anodic corrosion inhibitor [17] . The fitting data of the polarization curves are shown in Table 1 . The decrease in the corrosion current density of the carbon steel with the diffusion time of corrosion inhibitor suggests that the SOIMS corrosion inhibitor can penetrate the sediment layer to protect the carbon steel surface. The polarization curves for the diffusion process of the SOIM corrosion inhibitor are shown in Fig. 10 . Table 2 shows the fitting data of the polarization curves. As the diffusion time increases, the corrosion current density gradually decreases, demonstrating that the SOIM corrosion inhibitor could diffuse through the sediment layer to protect the carbon steel as well. Fig. 11 shows the polarization curves in the diffusion process of OIM corrosion inhibitor and the fitting data are shown in Table 3 . Since OIM corrosion inhibitor diffuses through the sediment layer at a lower rate, the corrosion inhibition efficiency is relatively lower than that of SOIMS and SOIM. Fig.12 . A and B show the SEM images of the sediment surface before and after 15 days of diffusion of the SOIM corrosion inhibitor, respectively. It can be seen from the microscopic morphology of the sedimentary layer that the sediment layer obtained in this experiment is relatively dense with no large pores. Therefore, the layer can be used as a simulated sediment layer to study the diffusion of corrosion inhibitors. 
Electrochemical measurements
Mercury intrusion analysis
To analyse the pore size distribution of the simulated deposition, we conducted mercury intrusion experiment [18, 19] . Fig.13 (a) shows the pore size distribution of the simulated deposition before the experiment. We determined that get the pore size is distributed in the range of 7~20 microns. And Fig.13 (b) shows the pore size distribution of the simulated deposition after a 15 day diffusion test with the SOIM corrosion inhibitor. The pore size is in the range of 7~100 microns. This result demonstrates that the pore size of the sediment layer increases after 15 days of immersion and infiltration of the SOIM corrosion inhibitors. 
Discussion
Adding corrosion inhibitors is an effective and common method to inhibit corrosion under sediment. A corrosion inhibitor can only inhibit metal corrosion well if it passes through the sediment layer and reaches the metal matrix. There are many indirect ways to study the inhibition performance of corrosion inhibitors against UDC [6] [7] [8] , yet there is a lack of direct evidence. In the experiment, we designed a simple and practical simulated setup to directly research the diffusion behaviour of corrosion inhibitors. Previous research showed that a corrosion inhibitor could reach a steel surface without being depleted after a sufficient amount is added [8, 20] . In this study, the corrosion inhibitor concentration of 200 mg/L was added to the solution. The UV-vis spectrophotometry method indicated that the three corrosion inhibitors could pass through the sediment layer over the prolonged test time. The results of the potentiodynamic polarization demonstrated that the three corrosion inhibitors were able to diffuse through the sediment layer to inhibit the corrosion of carbon steels.
It is crucial to select a specific corrosion inhibitor to inhibit corrosion under sediment. The structure of the corrosion inhibitor molecule affects its corrosion inhibition mechanism and performance to some extent [21, 22] . Different corrosion inhibitors have different water solubilities and adsorption properties. The poor water solubility of a corrosion inhibitor impedes its application. The introduction of foreign groups affects their water solubility and inhibition efficiency [23, 24] . In this experiment, OIM is an oil-soluble corrosion inhibitor, SOIMS is a water-soluble corrosion inhibitor, and the solubility of SOIM falls somewhere in between the other two. From Fig. 6 , 7 and 8, we can see that the three corrosion inhibitors can pass through the sediment layer over the test time. However, their diffusion rates are different. Both SOIMS and SOIM have a significantly faster diffusion rate than OIM. By comparing Fig. 6 (b) with Fig. 7 (b) , we find that the diffusion rate of SOIMS is faster than that of SOIM. The concentration of SOIMS that diffused through the sediment layer gradually increased on days 1-11. However, the concentration of SOIM that diffused through the sediment layer slowly increased, and the diffusion rate of the corrosion inhibitor in the sediment layer was relatively low on days 1-5. This is related to the water solubility of the two corrosion inhibitors. The water solubility of an imidazoline corrosion inhibitor can be greatly enhanced by quaternization [25] . SOIMS can be synthesized vis the quaternization of SOIM, and the water solubility of SOIMS is greater than that of SOIM. SOIMS and SOIM contain S atoms, which can strongly absorb on a metal matrix [9] [10] [11] . Therefore, the inhibition efficiencies of both SOIMS and SOIM are obviously better than that of OIM from the potentiodynamic polarization analyses. It can be seen from the SEM results that the sediment layer obtained in this experiment is relatively dense with no large pores. Therefore, the layer can be used as a simulated sediment layer to study the diffusion of corrosion inhibitors. The mercury intrusion analysis demonstrates that the pore size of the sediment layer becomes larger after 15 days of immersion.
The experiment is a direct means to research the diffusion behaviours of corrosion inhibitors in a simulated sediment layer. We determined the diffusion behaviour of imidazoline corrosion inhibitors in a sediment layer. The results show that the diffusion behaviours of corrosion inhibitors are related to their water solubility. The higher the water solubility of a corrosion inhibitor, the stronger its ability to diffuse through the sediment layer. Perhaps the diffusion behaviours of inhibitors are related to other factors, such as the temperature and concentration. These details will be studied in our future work.
CONCLUSIONS
In the present work, the diffusion behaviours of three imidazoline inhibitors in a simulated sediment layer were investigated by SEM, mercury intrusion experiments, UV-vis spectrophotometry, and potentiodynamic polarization measurements. A simple and practical experimental setup was designed to simulate the diffusion of corrosion inhibitors through a sediment layer. The SOIMS corrosion inhibitor exhibits a maximum absorption at 235 nm, and its absorption was linearly related to its concentration in the test range with a Pearson's correlation coefficient of 0.9994. The SOIM corrosion inhibitor exhibits a maximum absorption at 235 nm, and its absorption was linearly related to its concentration in the test range with the Pearson's correlation coefficient of 0.9998. The OIM corrosion inhibitor exhibits a maximum absorption at 232 nm, and its absorption was linearly related to its concentration in the test range with a Pearson's correlation coefficient of 0.9932. The diffusion behaviours of a corrosion inhibitor are related to their water solubility. The results demonstrate that a better water solubility of a corrosion inhibitor, results in a stronger ability to diffuse through the sediment layer. The diffusion ability from strong to weak has the following relationship: SOIMS > SOIM > OIM. The results of the potentiodynamic polarization experiments demonstrate that the three corrosion inhibitors can diffuse through the sediment layer to inhibit the corrosion of carbon steels by day 15.
